Abstract: An experimental study of residual thermal stresses has been carried out in injection molded virgin and recycled high density polyethylene (HDPE) blends. Effects of blend concentrations on residual stresses were investigated under different injection conditions such as melt temperature, mold temperature and cooling time. Layer removal technique was used for measuring residual stresses. In order to determine the relation between the residual stresses and material characteristic of HDPE blends, mechanical and morphological properties of the blends were also investigated. Elastic modulus and impact strength were important key factors for determining the blend characteristics. As a result, it was found that HDPE blends gave higher residual stresses but lower impact strength with higher elastic modulus when recycled concentration was increased. Furthermore, it was seen that shape and size of the crystallites were also effective on residual stresses. Small and spherulitic crystallite structured blends such as 30 % recycled HDPE induced reduction in residual stresses due to easier relaxation with lower elastic modulus and higher impact strength while lamellar crystallite structured blends such as 50 % recycled HDPE gave higher elastic modulus but lower impact strength with higher residual stresses.
Introduction
Injection molding is a flexible, net shape manufacturing method for plastic parts. The process includes injection, filling, holding and cooling phases. During these phases residual stresses are produced due to pressure and temperature change, relaxation of polymer chains resulting in shrinkage and warpage of the part. The demands of high quality in products require the knowledge of the mechanism of the internal stresses. The sources of these stresses can be attributed to two reasons. First one is due to the shear and normal stresses during filling and packing. These stresses do not completely relax but get frozen in due to a rapid increase in relaxation time during cooling. These stresses are referred to as residual flow stresses. Second is thermal residual stresses resulting in differential shrinkage during cooling period in the mold and after the demolding [1] . During cooling of the melt polymer, as it passes through glass transition temperature or crystallization temperature, initially cooled surface layers become rigid or stiffen sooner than the core region. Depending on this inhomogeneous cooling of the part, tensile and compressive stresses are produced subsequently in the cross section of the plastic part. These stresses persist and remain as residual stresses since the elastic properties and relaxation characteristics vary significantly with temperature during solidification and cooling. Although flow induced stresses are at least one order of magnitude smaller than the thermal stresses in absolute value, they induce anisotropy in optical and some mechanical properties because of different molecular orientation in the directions of parallel and perpendicular to the flow direction. On the other hand, thermal residual stresses cause shrinkage, warpage and environmental stress-cracking [1] [2] [14] [15] [16] .
Researchers have been analyzing residual stresses in injection moldings of many thermoplastics for years. So and Broutman studied residual stresses in freely quenched polymethyl methacrylate and polycarbonate [3] . Coxon and White [4] looked at the effect of aging on residual stresses in injection molded polypropylene. Hindle et al. [5] had studied glass-filled polypropylene. Sandilas and White [6] investigated the effect of injection pressure and crazing on the residual stresses in polystyrene bars. Russell and Beaumont [7] studied the effect of mold temperature on residual stresses in injection molded nylon-6 bars. Mandell et al. [8] studied on poysulfone. Siegmann et al. [9] studied on polyphenylene oxide slabs under different injection conditions. Also Siegmann [10] , studied on polysulfone and polyamide plates and investigated the effects of process conditions like melt temperature, injection pressure and injection rate on residual stresses. Hastenberg et al. [11] investigated thermal stress distributions along the flow path in injection molded polystyrene and polycarbonate. Kwok et al. [12] observed generation of large residual stresses in injection molding of polypropylene and polystyrene plates under different cooling conditions. Farhoudi et al. studied the measurement and computation of residual stresses in injection molded high density polyethylene [13] .
Furthermore many researchers solved the governing equations of continuity, momentum and energy equations for the flowing of material in injection molding process to simulate the filling, packing and holding stages with resulting velocity, pressure and temperature fields at different times. Baaijens [14] calculated the thermal stresses for polystyrene and polycarbonate injection molded samples using thermo viscoelastic model. Matsuoka et al. developed an injection molding analysis program considering mold cooling and polymer filling-packing-cooling to predict warpage [15] . Zoetelief et al. [16] used a similar formulation for calculation of thermal stresses with PS and ABS injection molded plaques. Kabanemi et al. developed a three-dimensional method for calculating residual stresses, shrinkage and warpage [17] . Bushko and Stokes [18] [19] used the solidification of a molten layer of amorphous thermoplastic between cooled parallel plates to model the mechanics of part shrinkage, warpage and the build-up of residual stresses, assuming material to be thermo viscoelastic. Liu [20] simulated and predicted the residual stress and warpage using a viscoelastic phase transformation model which assumed the solidified polymer to be a linear solid and the polymer melt to be a viscous fluid. Jansen et al. compared residual stress predictions of different elastic models for PC [21] . Guo and Isayev [22] proposed thermo-elastic and thermo-viscoelastic models with crystallization phenomena taken into account for PP slabs. Choi et al. [23] predicted the shrinkage and warpage in consideration of residual stress in integrated simulation of injection molding of PS plates. They used thermo-rheologically simple viscoelastic material model to consider the stress relaxation effect and to describe the mechanical behavior according to the temperature change. Kamal et al. [24] studied on the residual stresses of injection molded HDPE plates using models that assumed thermo elastic and thermo viscoelastic compressible behavior.
As reviewed above, most of the theoretical and experimental studies were done on amorphous polymers because the effects of crystallinity on residual stresses make the calculations and estimations harder. Furthermore, there has not seen any study about the effects of recycled polymers on residual stresses in injection moldings of thermoplastics. It is known that recycling plastic materials is strategically important for the environmental policy of industry. Also, for economical benefits recycled polymers are being used but how residual stresses are affected by them is not certain. In this study, blends of virgin and recycled high density polyethylene (HDPE) blends were prepared and the effects of recycled concentrations of the blends on thermal residual stresses were investigated in injection molded plates. Morphology and the mechanical properties of the blends such as elastic modulus and impact strength were also observed for determining the relation between characteristics of recycled material and residual stresses.
Results and Discussion

Rheology and Thermal Characteristics of HDPE Blends
MFI and DSC results are given in Table 1 . It can be seen that MFI values of the recycled blends were slightly lower than virgin HDPE. Probably because of the crosslinking reactions which may occur during recycling process of polyolefins [27] . MFI test can be accepted as a kind of indirect measurement of the changes in the average molecular weight (M w ) and molecular weight distribution. As Sajkiewicz and Phillips [28] reported, crystallinity decreases with increasing molecular weight and branching content. Therefore, the degree of crystallinity and also other DSC results can be used as qualitative indication of branching content. As a result, HDPE30REC which gave the lowest values of MFI and DSC results, should have more chain irregularities with the addition of small amount of recycled material. On the other hand, HDPE50REC, HDPE70REC and HDPE100REC had lower amounts of virgin material but higher MFI and DSC results than that of HDPE30REC parallel to reasons mentioned above. On the other hand, as the amount of recycled material increased in the blend, a slight decrease in the crystalline melting point as well as crystallization enthalpy was noticed. This result may be attributed to the possible reduction of spherulite order with addition of less crystalline recycled domains having also smaller chains acting as plasticizer distributing the order in virgin polymer. The HDPE30REC sample had the lowest degree of crystallization while the samples of HDPE50REC and HDPE100REC had nearly the same with higher values. The reason for reduction in degree of crystallization of HDPE blends might be that the ability of crystallization of the blends were hindered by the recycled material. Furthermore, recycled material influenced the viscosity of the melted blend and therefore transportation velocity of the crystallizable segments throughout the crystal-melted interface was affected. However, as can be seen in Table 1 , the reduction in the fusion of enthalpy, which in turn in the degree of crystallinity, of the blends was not so much. Based on this, one can deduce that virgin HDPE did not degrade so much and conserved its thermal stability during recycling due to the strong crystalline structure.
Tab
SEM Micrographs
SEM micrographs of virgin and recycled HDPE blends are given in Figs 1-5.
Because virgin HDPE was mixed with its recycled form, in small magnifications very slight differences were seen. But when the magnification was increased, especially in the blends with recycled concentration over 30%, increase of boundaries and heterogeneity were obvious. Furthermore, in the blends of HDPE50REC and HDPE70REC regions of agglomers having 1 μ and 2-3 μ size, respectively appeared as main characteristics of morphology. Among the blends, the most homogenous and virgin HDPE like morphology was obtained in the blend of HDPE30REC with average domain size of 0.6 μ. The SEM results were consistent with MFI and enthaply values showing increased compatibility especially between both increased amourphous and crystalline phases resulting in higher viscosities corresponding lower MFI values.
Mechanical Properties of HDPE Blends
The variation of elastic modulus and impact strength of HDPE blends were followed as functions of melt temperature studied between 220 ºC-260 ºC while mold temperature and cooling time were kept constant as 40 ºC and 10 sec, respectively as given in Fig. 6 . It was seen that increasing melt temperature did not affect elastic modulus so much especially when the temperature was increased from 220 ºC to 240 ºC. For 260 ºC, on the other hand, an increase in elastic modulus as well as a decrease in impact strength was realized. These results were most probably due to the bigger size spherulites induced by slow cooling [29] . The effects of mold temperature on the mechanical properties of HDPE blends were given in Fig. 8 . While mold temperature was changed between 30 ºC-50 ºC, melt temperature and cooling time were taken as 240 ºC and 10 sec and it was seen that increasing mold temperature made cooling slower and conditions more conductive to crystallization. A similar trend in the melt temperature was observed also for the mold temperature in terms of elastic modulus and impact strength. But it is apparent from the Figs. 6 and 7 that the influence of mold temperature on the mechanical properties was stronger than that of melt temperature.
Influence of cooling time in the mold on mechanical properties is given in Fig. 8 . While cooling time was changed between 5-15 seconds, other parameters such as melt and mold temperatures were kept constant as 240 ºC and 40 ºC, respectively. Like increasing mold temperature, increasing cooling time reduced the cooling rate and macromolecules of the polymer adopted a more regular pattern by inducing bigger crystalline areas [30] . As a result, longer cooling time in the mold reduced impact strength but increased elastic modulus in parallel to above mentioned results. The mechanical data are also discussed in terms of recycled HDPE concentrations in the blends as given in Figs 6-8. For the blend of HDPE30REC, a decrease in elastic modulus was realized in all discussed injection process conditions such as melt temperature, mold temperature and cooling time which may have resulted from its lower degree of crystallization (Table 1 ) resulting in formation of less stiff amorphous regions. Although the degree of the crystallization of HDPE50REC was the same with the blends of HDPE100REC and very close to the blends of HDPE70REC, it had generally higher elastic modulus and lower impact strength than those of the others. Besides the effect of degree of crystallization, during recycling occurrence of physical cross-linkings in the structure, entanglements, alignment of molecules and shape of the crystalline structure may induce these slight differences in elastic modulus and impact strength values among the blends. Among them especially, shape and size of crystallites are known to be very very effective on mechanical properties [28] . For example, the blends of HDPE30REC and HDPE70REC were inverse of each other and their structure probably were alike which means the amount (wt. %) of the one of the component was very little causing better mixing leading up to a more homogeneous spherulitic crystalline structure as given in Fig 9(a) and (b). On the other hand, the amounts of the components of HDPE50REC were the same and the homogenous melt mixing of this blend should be harder than the others. Based on that, this blend gave masses of lamellar crystallite structure connected to each other layer by layer rather than spherulitic structure (Fig 9(c) ). Generally, this kind of structure gives higher elastic modulus during tensile test because of more orientation through the flow direction of the lamellar crystallites. On the contrary, impact test direction is perpendicular to the flow direction in which weak Van der Waals forces face the impact. While the blend of HDPE50REC gave lower impact strength, the blends of HDPE30REC and HDPE70REC had higher impact strengths probably because of their spherulitic crystalline structures inducing flexible masses [29] . 
Residual Stress Distributions for HDPE Blends
Residual stress investigations were made on the specimens of injected molded rectangular plates as given in Fig. 13 . Layer removal method was used to determine residual stress distributions in this investigation. The influence of the molecular orientation has not been taken into account, as well as the influence of the flowinduced stresses. One of the reasons of the ignorance of flow induced stresses is that they are at least one magnitude smaller than absolute value that of thermal residual stresses and a large part of flow stresses relax, since the relaxation is faster at the higher temperatures that prevail in filling stage [1, 14, 24] . However, they induce anisotropy of several properties of the final product; the most seen dimensional faults such as warpage and shrinkage are generally caused by thermal residual stresses [1, 16, 24] . As a consequence, in this study the effects of recycled material concentrations on thermal residual stresses along the flow direction were investigated. The stresses were assumed isotropic.
Residual stresses were studied according to both changing injection parameters and blend concentrations. As it is known, injection molding of semi-crystalline polymers induce variable degree of crystallinity through the depth of part resulting in different mechanical properties such as elastic modulus [30] , which is an important parameter for calculation of residual stresses as given in Eq 1. In this study, in order to determine the depth varying elastic modulus for the each specimen, one thin layer from surface region and one layer close to core region were taken to perform thermal tests on DSC equipment. Weight fraction crystallinity of each layer was obtained. Then, elastic modulus was calculated by a general equation (Eq. 1) for moduli of two component systems with two continuous phases of modulus where E is the elastic modulus of the semicrystalline polymer, Ec is the crystalline modulus and Ea is the amorphous modulus as given in Table 3 . X cv volume fraction crystallinity of the polymer related to the mass fraction crystallinity X c through the expression, X cv =X c .ρ/ρc where ρ is the density of the semicrystalline material, ρ c is the density of the crystalline phase found in literature [32] . After elastic modulus values were calculated theoretically as given in Table 2 , it was realized that there was a huge enough difference between the values of surface and core region. As a result, elastic modulus was taken constant for each specimen along the thickness of the part. -According to injection molded process parameters
Residual stress distributions for the HDPE blends according to process parameters are given in Figs 9-12 and it was seen that large tensile stresses were on the surface and small compressive stresses were in the core. Before the gate freeze off, the effect of the packing pressure produced the reduction of the stresses along the core which pushed up the tensile stresses in the surface region resulting in high tensile stresses. When the variation of residual stresses of the blends was investigated depending on melt temperature as given in Fig. 10(a-c) , it was seen that increasing melt temperature especially from 220 ºC to 240 ºC, did not affect residual stresses of the blends so much. It was expected because melt temperature must cool down to a critical value for the initiation of crystallization during injection of semi-crystalline polymers [2, 22, 29] . Therefore, selection of higher or lower melt temperatures is not so effective on residual stresses of HDPE blends. But if the temperature range between the mold and melt temperatures is expanded then melt temperature becomes effective on residual stresses. Because in this case melt temperature can be a key parameter for lowering the cooling rate. As in this study, there was seen a slight decreasing in residual stresses for the HDPE plates when melt temperature was increased. For example, at 220 ºC for the specimens of virgin HDPE and HDPE50REC, stresses near the surface were 9.50 MPa and 12.85 MPa, respectively. When the temperature was increased to 260 ºC, the stresses reduced to the values of 6.38 MPa and 7.83 MPa, respectively.
Mold temperature was more dominant on residual stresses of HDPE blends. Higher mold temperature decreased residual stresses as given in Fig. 11(a-c) . The cooler the mold temperature is, the higher the cooling rate. As a consequence, this shortened the crystallization time and induced faster crystallization with higher stresses getting frozen in without enough relaxation. As given in Fig. 11(a) , all the blends gave higher residual stresses for the mold temperature of 30 ºC. For example, at this temperature stress near the surface region of the specimen of virgin HDPE was 11.95 MPa, while at the temperature of 50 ºC the stress decreased to a value of 5.51 MPa. This kind of reduction according to increasing mold temperature was seen in all blends.
Cooling time, which is the time passed between the end of holding duration and ejection of the part, is related to cooling rate as similar trend in mold and melt temperature. Cooling rate of the part will be slower for the parts kept in the mold longer than the part ejected early and hotter. Then, it is apparent that cooling rate of the material is higher for the plates ejected after 5 seconds; however the opposite is valid after demolding. But ambient cooling time and also cooling rate after ejection were ignored; only cooling time in the mold was taken as key parameter. As a result, 5 sec ejected plates had higher stresses frozen in without significant relaxation. On the other hand, plates ejected after 15 seconds gave lower residual stresses as given in Figs 12(a-c) . However, one may expect that the early cooled part may reach its balancing temperature profile rapidly with better relaxation. But, in this study 5 sec cooled 2.2 mm thick specimen had higher stresses frozen in resulting in more warpage due to the free quenching of the hotter part. For example, 5 sec cooled virgin HDPE specimen had the stress value of 10.43 MPa near the surface region. When the cooling time was increased to 10 and 15 seconds, stress values became 6.74 MPa and 4.39 MPa, respectively.
-According to recycled concentrations of the blends As discussed above, HDPE blends have shown same behavior against changing injection process parameters which means, for all the HDPE blends increasing melt temperature, mold temperature and longer cooling time reduced residual stresses. When the process conditions were kept constant, for each parameter it was seen that the value of residual stresses slightly changed according to blend concentrations as given in x-axis of the graphs in Figs 10-12 . Among the blends, the lowest values of residual stresses obtained in the blend of HDPE30REC while the highest values of residual stresses were seen generally in the blend of HDPE50REC and then HDPE100REC. Indeed, in the discussion of the thermal properties of HDPE blends, it was seen that recycled HDPE did not loose its ability of crystallization so much because while the virgin HDPE gave 71% degree of crystallization, the blends gave between 64% and 66%. Then, it was realized that the reason of the variation of residual stresses and also mechanical properties was not only because of degree of crystallization. Structure and size of the crystalline areas were also effective on residual stresses similar to mechanical properties discussed before. In the determination of the mechanical properties of blends, it was seen that the blends of HDPE30REC and HDPE70REC gave lower elastic modulus and higher impact strength which was probably due to their more spherulitic crystallite structure than that of HDPE50REC. On the contrary, although the blend of HDPE50REC had nearly same value of degree of crystallinity with the other blends, it gave highest elastic modulus but lowest impact strength that gave the hints of lamellar crystallite structure. Lamellar structure induced a stiffer structure which means higher elastic modulus but as a consequence, higher residual stresses. The reason for this is probably due to occurrence of the less relaxation during cooling in the mold and after demolding when the material becomes harder and stiffer structurally. There is also a similar relation between the impact strength and residual stresses. It is known that if the injected part has too much tensile stresses in its surface region, its impact strength is low because of the cracking effect of the tensile stresses at the surface [2, 28, 33] . In this study, the lowest impact strength was seen in the blend of HDPE50REC (Fig.6-8 ) related to this the highest residual stresses were generally obtained in this blend as given in Figs10-12 . On the other hand, the blends of HDPE30REC and HDPE70REC has shown characteristics of more flexible crystallite structure against impacts so it can be deduced that for these two blends a significant relaxation occurred during solidification and cooling resulting in reduction of residual stresses in these blends [34] .
If SEM micrographs given before in Figs 1-5 were discussed with residual stress results, it was seen that residual stresses were smaller for homogenous structure such as HDPE30REC. When the recycled concentration was increased, the agglomers appeared and phase decompositions became pronounced. These kinds of structures are fond of stress cracking with frozen-in higher residual stresses. Based on these, it can be said that HDPE blends have higher residual stresses when recycled concentration is increased, in contrast with this, residual stresses of HDPE50REC were higher than those of HDPE70REC and HDPE100REC. The reason for this is related to the lamellar crystallite structure of HDPE50REC besides its morphological structure obtained in SEM results as mentioned before.
As a result, for HDPE blends their degrees of crystallinity were not enough to analyze the residual stress distributions depending on recycled concentrations. The most stiff, rigid structure with heterogeneous morphological structure gave higher residual stresses for every studied injection molding condition. The blend of HDPE50REC showed the highest elastic modulus with lowest impact strength but its residual stresses were generally the highest among the blends. While HDPE30REC gave lowest degree of crystallization with lowest elastic modulus, it had generally highest impact strength and lowest residual stresses among the blends.
Conclusions
The residual stress development in injection molded virgin and recycled HDPE products was investigated and the thermal, rheological, morphological and mechanical properties of the blends were discussed to obtain the relation between residual stresses and material characteristics.
-MFI values of the HDPE blends were decreased slightly as the material recycled probably due to the crosslinking reactions which may occur during processing. Thermal properties such as enthalpy, melt temperature and degree of crystallization were also decreased slightly because of the reduction of spherulitic order with the addition of the less crystallized material acting as plasticizer. Despite all this, slight differences showed that virgin HDPE did not degrade so much and it conserved its thermal stability.
-Morphologically HDPE30REC have the most homogenous structure. Over the concentration of 30 %, such as the blends of HDPE50REC and HDPE70 REC agglomers, increased boundaries and heterogeneity appeared.
-Higher melt temperature, mold temperature and longer cooling time increased elastic modulus but decreased izod notched impact strength. Lower elastic modulus but higher impact strength values of HDPE30REC and HDPE70REC gave hints of smaller size of spherulites, whereas HDPE50REC had always highest elastic modulus with lowest impact strength probably due to its lamellar crystallite structure. Concentrations of the blends were also effective on the structure of the crystallization. Less amount of the one component of the blend than the other component provided better mixing resulting in small spherulites like in the blend of HDPE30REC. In contrast, the equal amount of the components of HDPE50REC made melt mixing harder probably resulting in lamellar structured crystallites.
-The residual stress distribution along the thickness of the plates was as large tensile stresses on the surface region and small compressive stresses close to core region. For all the blends, changing injection process conditions, such as increasing melt and mold temperatures and longer cooling time decreased residual stresses.
-Residual stress development according to blend concentration changed very slightly. Among the blends, HDPE30REC generally gave the smallest value of stresses while HDPE50REC gave the highest. The achieved results were compatible with mechanical and morphological results.
Experimental Studies
Materials
Physical properties of virgin HDPE (I-668, Petkim Chemicals Inc., Turkey) are given in Table 3 . 
Blend Preparation
Recycled HDPE was obtained by processing virgin material for one time on twin screw extruder. Then blends including virgin and recycled polymers were prepared with the same extruder as given compositions listed in Table 4 . The L/D ratio of the extruder with 10, barrel temperature was set at 225 ºC and screw speed was chosen as 359 rpm.
Characterization
MFI measurements were done on Ceast 68410 equipment with 2.19 kg load at 190 ºC.
Specimens for tensile and izod impact tests were injected using a 40 tone injection molding machine with a four cavity mold. For residual stresses measurements, the geometry of the rectangular plate mold was used as given in Fig. 13 . In order to determine the thermal residual stresses, some of the most effective injection conditions on thermal residual stresses such as melt temperature, mold temperature and cooling time (time passed in the mold between end of holding duration and ejection of the part) were chosen as key parameters. The studied ranges of these parameters are given in Table 5 . ) and percentage of crystallization (X c , %) were obtained. ΔH %100 crystalline was taken 293 Jg -1 [25] .
Elastic modulus was determined with Universal Tensile Testing Machine (Zwick 1455). Samples were drawn with a tensile speed of 5 mm/min according to ISO-527 at room temperature. Notched izod impact strength was obtained by using Ceast Izod Impact tester machine according to ISO-180. Five samples were tested for each condition and their averages were taken.
Scanning electron microscope studies were conducted on granules taken from each blend. After coating the granules with gold, Jeol JSM-5410LV scanning electron microscope was used to observe the morphology of blends. Also for determining the crystallization morphology of the blends, thin film sections (40μm) were microtomed by Leica SM 2400 from the core region of the tensile specimens. The films were etched in a mixture of sulphuric acid and phosphoric acid and then coated with gold.
Layer Removal Method for Residual Stress Measurement
For the residual stress measurement, rectangular specimens of dimensions of 65x 10x 2.2 mm were cut along the axial flow direction from the injection molded plates as given Fig. 1 . The layers were successively removed using a CNC milling machine (Benchman VMC 4000) with a flute end-mill cutter (12 mm diameter) rotating at 1600 rpm and feed rate of 20 mm/min. A two sided adhesive tape was used to fix the specimen on the table. Care was taken to ensure the layers were removed always from the same surface .The thickness of the first two layers was 0.05 mm and the others were 0.1 mm. Totally 11 layers were removed. An optical equipment (QuadraCheck 3200, Metronics, Inc) was used to measure the curvature of the specimen obtained after each layer removal. By locating the specimen on its long edge in the holder attached to adjustable table, the image of the specimen was produced on the screen of the equipment. The radius of the curvature was measured by the probe attached on the screen. The probe collected 50 points on the edge profile by fitting them a circular fit. After the average of the data was taken by the equipment, X-Y readings were registered. The curvature is defined as the inverse of the radius.
The time between milling and measurement needs to be considered because of stress relaxation. The time should be relatively short so that only elastic not viscoelastic relaxation occurs. The chosen time was 6 minutes.
The residual stress distribution was determined using the Eq. 2 provided by Treuting and Read [26] . Here, the stresses were accepted as in which case the curvature should be same in all directions x and y. E is elastic modulus, ν is poisson ratio, z o is half thickness of the specimen, z 1 is the distance from the plane that was located at the center of the specimen before layer removals commenced to the machined surface. K x is the third order polynomial obtained from the curvature data points that were fitted by linear regression. The stress distribution was calculated using stress-curvature relation as given in Eq. 2.
